The natural coastal hydrodynamics and morphology worldwide is altered by human interventions such as embankments, shipping and dredging, which may have consequences for ecosystem functionality. To ensure long-term ecological sustainability, requires capability to predict long-term large-scale ecological effects of altered hydromorphology. As empirical data sets at relevant scales are missing, there is need for integrating ecological modeling with physical modeling. This paper presents a case study showing the long-term, large-scale macrozoobenthic community response to two contrasting human alterations of the hydromorphological habitat: deepening of estuarine channels to enhance navigability (Westerschelde) vs. realization of a storm surge barrier to enhance coastal safety (Oosterschelde). A multidisciplinary integration of empirical data and modeling of estuarine morphology, hydrodynamics and benthic ecology was used to reconstruct the hydrological evolution and resulting long-term (50 years) large-scale ecological trends for both estuaries over the last. Our model indicated that hydrodynamic alterations following the deepening of the Westerschelde had negative implications for benthic life, while the realization of the Oosterschelde storm surge barriers had mixed and habitat-dependent responses, that also include unexpected improvement of environmental quality. Our analysis illustrates long-term trends in the natural community caused by opposing management strategies. The divergent human pressures on the Oosterschelde and Westerschelde are examples of what could happen in a near future for many global coastal ecosystems. The comparative analysis of the two basins is a valuable source of information to understand (and communicate) the future ecological consequences of human coastal development.
1 to a neglectable level (Nienhuis & Smaal, 1994) . In the subsequent years, the basin was partially closed off from the sea by a storm surge barrier, the Oosterscheldekering, finalized in 1986 (Figure 2 ). It is placed between the islands Schouwen-Duiveland and Noord-Beveland, is the largest (9 km of total length) of the 13 ambitious Delta Works series of dams and storm surge barriers. In normal conditions, the Oosterscheldekering is kept open and therefore allows tidal exchange and preserve marine life and shellfisheries, but it can be closed to prevent storm surges to flood the hinterland. Despite its relatively open nature, the barrier has reduced the tidal prism (i.e., the water volumes exchanged by the tide) of the Oosterschelde by approximately 30%. Current velocities have declined by 20-40% (Louters et al., 1998) .
Sand exchange with the North Sea through the barrier is not possible due to the development of secondary currents. The new situation is thus characterized by channels that are too large for the tidal prism, which show a tendency to fill in. As this filling cannot be fed with sand from outside the tidal basin, sand is eroded from the tidal flats inside the basin and deposited in the channels. The new condition has amplified a pre-existent erosive trend in the tidal flats (Eelkema et al., 2012) , to a degree where total disappearance of tidal flats in the system is predicted within less than one century (Jongeling, 2007) .
The Westerschelde kept an open connection to the sea and to the Schelde river, and still has a full salinity gradient. Dredging in the Westerschelde started at the beginning of the past century, but has strongly intensified after the 1960s as a consequence of the growth of ship transit and draft. From 6.5 to 7 Mm 3 of sediment are currently annually dredged to maintain the shipping lane (Figure 2 ). The Netherlands and Belgium agreed in 2005 to further dredge the Westerschelde to allow container ships with a draft of up to 13.1 m to reach the port of Antwerp. Sediment extraction is very limited and by far most dredged sediments are disposed again within the estuary. Enlargement of the channels and amplified tidal range generated an increase in tidal currents of ca. 30% (since 1955) and altered the mixing patterns between fresh and salt water (Smolders et al., 2013 (Smolders et al., , 2012 .
Forecasting long-term macrozoobenthic responses to hydromorphological habitat alterations
The Westerschelde -Oosterschelde system, given its large ecological, economical and social importance, has been intensively monitored for decades. Empirical reconstructions of bathymetry and hydrodynamic forcing for a situation before major anthropogenic changes are available for both systems. Similar datasets exist for present-day situations. Well-calibrated hydrodynamic models have been made for both systems and are the basis for our predictions of benthic habitat suitability. Extensive monitoring programmes of macrobenthic fauna have been executed over the past 50 years, with most effort concentrated in the last 20 years.
Despite the large effort, field observations are intrinsically not sufficient to exhaustively and quantitatively reconstruct the changes undergone the Westerschelde -Oosterschelde benthic ecosystem during recent decades. We bridge this gap by multidisciplinary integration of empirical data and modeling of estuarine morphology, hydrodynamics and benthic ecology. Furthermore, we combine macrozoobenthic observations with the results of hydrodynamic models to construct distribution models that can predict changes in community performances as response to environmental changes (Franklin, 2010; Pearson & Dawson, 2003; Sinclair et al., 2010) .
Hydromorphological variables
In order to reconstruct the impact of the last 50 years of basin hydrodynamic management on the macrozoobenthos, we considered the induced changes in (yearly averaged) maximal tidal current velocity (maximal values reached during a full tidal cycle, m s -1 ), inundation time (% of time for which the site is submerged during a full tidal cycle), average salinity (Practical Salinty Scale, PSS) and salinity range (Δday PSS). These variables are known to be among the most important hydrodynamic variables in determining the benthos distribution in estuaries (Ysebaert et al., 2003 , 2002 , Cefali et al., 2016 , Philippe et al. 2016 , Trancart et al. 2016 ), but they are rarely measured with full spatial coverage, such that they are known for all sample locations. Hydrodynamic models can fill these gaps as they can describe water motion and salt transport, given a bathymetry and appropriate boundary conditions. In this study, we used recently validated hydrodynamic models to simulate the Oosterschelde (i.e., Delft-3D) and Westerschelde (i.e., 2Dh TELEMAC) present and past hydrodynamic scenarios (Figure 3 ). It is noted that from a hydrodynamic modeling perspective, it is not ideal to use 2 different models for both estuaries. However, our question is ecological, using the physical model to describe an independent driver. Given the large differences in hydrodynamic and morphological development of both estuaries, we regard it sufficient to have for each estuary a calibrated and validated physical model description, even though they are obtained by competing software. Furthermore, the two variables accounted from both hydrological models (inundation time and tidal current velocity) are typically those ones for which the model reliability is highest and the calibration with field-collected values the most accurate (Lesser et al., 2004 , Moulinec et al., 2011 , Smolders et al., 2013 .
For the Oosterschelde, two scenarios, one for 1968 and one for 2010, are used in this study. These scenarios were modeled with a specific application of Delft3D (Lesser et al., 2004) TELEMAC (Moulinec et al., 2011) . This model has a resolution up to 40 m in the intertidal zone. It accounts for salt transport, making it particularly appropriate for distribution modeling of estuarine species (Smolders et al., 2013) . In all modeled scenarios, wave forcing was omitted because we primarily focused on areas that are tide-dominated. years 1968, 1983, 1988, 1993, 2001, 2007 and 2010 and were 
Ecological variables
Benthic community response to altered hydrodynamics was expressed in term of changes in potential macrozoobenthic biomass (g Ash Free Dry Weight (AFDW) m -2 ), abundance (N. of individuals m -2 ), per capita body size (biomass divided by the abundance of individuals, mg AFDW) and Shannon's diversity (H). The data used in the present study have been extracted from the Benthic Information System (BIS version 2.01.0) hosted by the NIOZ research center in Yerseke (NL). The BIS database contains about 500000 distribution records about more than 2500 species of all major benthic classes that were collected over 6484 sampling episodes since 1960 mostly in the Delta region (SW Netherlands).
Data collection was mainly carried out in spring and autumn. In the Westerschelde samples were randomly collected within four depth strata mainly from 2007 (Appendix Table A analysis. In order to reduce bias related to approximation in the bathymetric maps used for the hydrodynamic models, we discarded from analysis 974 observations for which there was a difference of more than 25 cm between the measured-at-sampling and the modeled bathymetry. These observations, while cannot be directly used to fit and validate the SDMs, are still useful to partially reconstruct the benthic community trends during recent decades. Therefore they were not excluded from Figure A2 . A final subset of 5510 (2272 Westerschelde; 3238 Oosterschelde) samples collected from 1962 to 2011 was selected for further analysis.
Predicting benthic communities: quantile regression models
Spatial distributions of organisms are often the product of different constraints acting at different scales (Thrush et al., 2005 , Morais et al., 2016 . Even when one or more (known) environmental factors are not limiting, other (unknown) factors might be and organisms could be absent or limited to a low abundance.
As a result, observed distributions tend to be scattered below an upper boundary rather than around a central, average value. Central estimators are not able to account for the variance-mean relationship. In a regime of limitation by subsidiary factors (high prevalence of zero observations along the entire gradient), they are not representative of the higher densities and they may fail to distinguish real nonzero changes (Cade & Noon, 2003; Terrell et al., 1996) . The quantile regression model (Koenker & Basset, 1978; Koenker & Machado, 1999; Koenker & Hallock, 2001; Koenker 2005) can solve this problem. This method aims at fitting any desired quantile of a response variable distribution to an independent variable by solving a minimization problem of the absolute errors. Regression quantile estimates can be used to construct predictions without assuming any parametric error distribution and without specifying how variance heterogeneity is linked to changes in means. The possibility to fit the regression on each possible distribution quantile, allows to represent the heterogeneity in the response variable that commonly occurs in ecological processes when only a subset of the relevant variables that may be limiting have actually been measured and incorporated into the models (Cade & Noon, 2003; Koenker, 2005; Cozzoli et al., 2013) . In the case of the biomass or abundance distribution, a model of the higher quantiles of the distribution represents the expected response when (unmeasured) disturbance is at a local minimum (Anderson, 2008; Cade & Noon, 2003) ; the succession of the underlying quantiles represents the response at increasing level of (unmeasured) disturbance.
Forecasting the habitat potential for the organism, rather than its realized performance, models of upper quantiles give an estimation of habitat suitability (Cade & Noon, 2003; Downes, 2010) . In nature conservation and management, habitat suitability is often preferred as a descriptor over realized performances, because it fluctuates less in time (Degraer et al., 2008) . The 95th quantile is a good compromise for an upper quantile that can be estimated fairly well with reasonable precision with fairly large samples sizes (Anderson et al 2008) and have already been prove to be able to accurately forecast the habitat suitability for macrozoobenthic species (Anderson, 2008; Cozzoli et al., 2013 Cozzoli et al., , 2014 . For this reason, in this paper we focus mostly on the benthic community responses predicted from the upper In this study, the used (known) explanatory variables are the maximal flow velocity (maximum of a full tidal cycle, m sec -1 , wave forcing was omitted because we primarily focused on areas that are tidedominated), inundation time (% of time submerged during a full tidal cycle), daily averaged salinity (Practical Salinity Scale, PSS) and salinity range (Δday PSS). We choose these variables because of 1) they are known to be among the most important hydrodynamic variables in determining coastal and estuarine benthos distribution (Snelgrove & Butman, 1994; Ysebaert et al., 2002) ;
2) large scale scenarios are available from hydrodynamics models, thus they can be used to extrapolate species distribution models prediction on a whole basin scale; 3) hydrodynamic models can provide scenarios for different periods of the ecosystem evolution, allowing historical time comparisons (like in the present work) and forecasts about future ecosystem development (e.g. Smolders et al. (2013) ), and 4) in our particular study case, variations in hydrodynamics due to human landscape alterations are known to be the main source of habitat changes in recent decades (De Vriend et al., 2011; Louters et al., 1998; Smolders et al., 2013) . While other variables have proven to contribute to the prediction of benthic community distribution (e.g., turbidity (Akoumianaki & Nicolaidou, 2007) , primary production (Smith et al., 2006) , organic matter (Verneaux et al., 2004) , mean sediment grain size and mud content (de la Huz et al., 2002; Degraer et al., 2008; Snelgrove & Butman, 1994; van der Wal et al., 2011 , Philippe et al. 2016 , the upper boundary modeling approach we used permits an extrapolation of the habitat response to the targeted hydrodynamic variables.
For any community response variable (macrozoobenthic biomass, abundance, per capita body size and Shannon diversity), quantile regression models were fitted (and validated, see Appendix) on the overall dataset (i.e. Westerschelde + Oosterschelde data), until its third-degree interaction terms. Given that our aim was to describe the community parameters and their variation on spatial and temporal scales, rather than to investigate the significance of single explanatory variables, we did not use any model simplification procedure (e.g. stepwise regression). To assess the validity of our forecasts, we rely on the good performance of the models in predicting the higher observed values of the overall dataset (pseudovalidation procedure and results in Appendix). The so obtained distribution models were applied to the abiotic scenarios and used to produce whole basin habitat suitability maps for the years 1960 and 2010. 
Results
The fitted 95 th quantile benthos distribution models (Tables A 2 -A Following the construction of the storm-surge barriers in the Oosterchelde, the hydrodynamic model, non-surprisingly, predicts a strong decrease in current velocities, especially in the channels (Figure 3 A) .
The benthos distribution model predicts that such dampening of tidal current velocities had a strong positive effect on the subtidal habitat suitability in terms of biomass (Figure 4 A) . Our forecasts also show that the increase in biomass was related to potentially larger individual body sizes (Figure 4 C) , rather than increased abundance (Figure 4 B) . At present, the inundation time of the Oosterschelde intertidal flats is slightly higher than in the 1960's (Figure 3 B) , inducing a limited decrease in intertidal macrozoobenthos density. This trend is most pronounced at the edges of the tidal flats (Figure 3 B and 4 B). Lower distribution quantiles show responses similar to the 95 th one, confirming the overall decrease in habitat value of the Westerschelde and the increase of the Oosterschelde (Appendix A9-A12).
Discussion
This study shows that following fundamentally different management options may entail long-term morphological and hydrodynamic alterations of the ecosystem, with consequences for benthic community. The enhanced hydrodynamics following deepening of the Westerschelde (Figure 3 ) had negative implications for benthos (i.e., reduced subtidal habitat suitability, turnover toward opportunistic species in the intertidal habitat, Figure 4) . In contrast, the attenuation of hydrodynamics by creating a storm surge barrier in the Oosterschelde (Figure 3) , caused mixed and habitat-dependent responses that also include improvement of environmental quality (i.e. a strong increase in subtidal habitats quality Figure 4 ). Despite the level of uncertainty inherently due to combining hydrodynamic model with community models, this multidisciplinary integrative approach allowed us to provide insight in the longterm trends in the natural community caused by these opposing management strategies.
The approach we followed (extrapolation over past scenarios of ecological relationships mostly modeled on present conditions) intrinsically assumes that the relationships between the hydromorphological variables and benthos must be constant pre-and post-impact and the same for Oosterschelde and
Westerschelde. There are insufficient observations to fully model the relationships in the pre-impact habitat conditions, or to fully validate the model predictions with respect to pre-impact benthic observations only (especially for the subtidal environment, Table A1 ). The validity of this assumption and the reliability of our forecast are supported by: i) while with a different spatial distribution, the two basins and the different time-scenarios shares a common pool of species (Ysebaert et al. 2003 , Cozzoli et al. 2013 ) so we can expect the physiological and ecological responses of the benthic community to the habitat conditions are similar across scenarios; ii) while the two basins faced relevant changes following opposite evolution trajectories, they still present a broad range of environmental conditions. Some portion of the present-day scenarios resemble the pre-impacted conditions (e.g. part of the present marine Westerschelde is similar to the pre-impact Oosterschelde and vice-versa) and can be used to model the benthic community spatial distribution as it was in the past; iii) modeling the upper quantile of the benthic community response should allow focusing on the response to the targeted environmental variables, rather than on the effect of subsidiary limiting factors (see Anderson 2008) that may have varied during recent decades and are not the object of this analysis. Moreover, the alteration of the hydrographic features we investigated are known to be among the most relevant environmental change occurred in both basins; iv) the extrapolation of ecological relationships modeled on present conditions is widely used and accepted when forecasting future ecological scenarios, for which observations to validate the model outputs are not available (see Reiss et al. 2015) . Future environmental scenarios were also recently used to predict distribution shifts of marine benthic species (Cheung et al., 2012 , Jones et al., 2013 , Weinert et al. 2016 ). Usually, this kind of models are limited in their application to shallow benthic habitats due to the less-predictable effects of changes in local hydrodynamics and bottom topography (Reiss et al. 2015) . This is not so in our case, where much (modeled) information about the scenarios hydrography and bathymetry are available.
The internal reliability of our forecast is confirmed by the good performance scored by the models in the pseudo-validation test (Figure A 1) . The sensitivity analysis of the model ( Figure A 3 (Table 1) . However, records from Wolff (1973) , in agreement with our forecasts, suggest that benthic organisms were more widely distributed in the subtidal than in later years.
Because of the importance of the individual body size for many individual and community traits, (Brown et al., 2004; Marquet, 2002) , the predicted changes in potential per capita size of benthic organisms (Figure 4 C) can have profound effects across multiple scales of biological organization. The decrease in potential species diversity and body size, as predicted for the Westerschelde, can be detrimental for ecosystem functioning. The lack of large macrozoobenthic organisms could result in a reduction of the bioturbation potential (Solan et al., 2004) , with negative effects on nutrient cycling and sediment oxygen concentration (Heip et al., 1995) , resulting in reductive stress (Pearson & Rosenberg, 1978) . On the other hand, a higher potential for bigger individuals, like predicted for the subtidal habitats in the Oosterschelde, is indicative of higher complexity in species trophic (Woodward et al., 2005) and nontrophic (e.g. ecosystem engineering, habitat forming (Kefi et al., 2012) ) interactions. Communities composed of bigger individuals are generally more functional, productive and stable, and they can support more biomass at higher trophic levels (Brown et al., 2004) . In the case of subtidal macrozoobenthos in the Oosterschelde, the latter point could imply positive effects on macrofauna through the benthic-pelagic food chain (Rinne & Miller, 2006) . Our analysis suggests that static management goals should be carefully considered in environmental planning, as ecosystems develop, causing new and unexpected features to emerge. The notable improvement in quality of the subtidal benthic habitat in the Oosterschelde (Figure 4) is an unexpected consequence of the construction of the storm surge barrier. The dampening of current stress allowed a large portion of the subtidal Oosterschelde to be colonized by large macrozoobenthic organisms, which were confined to the inner and sheltered part of the estuary before the embankments (Cozzoli et al., 2014a) . This change in habitats has created opportunities for tourism (diving) activities, in particular in combination with the increased transparency of the water. The total disappearance of tidal flats in the system (as it is predicted to happen within less than one century as consequence of the reduced tidal amplitude, Jongeling, 2007; Eelkema et al. 2012 ) will further emphasize this pattern. The lesson learned is that, while natural values of the original system (e.g., intertidal productivity, food provision for birds) are intrinsically incompatible with the management option that was chosen, other natural values such as subtidal benthic habitat quality do have the potential to be compatible with this option. On the other hand, the Westerschelde mudflats are growing steeper and higher (Figure 3 ) due to the increased tidal amplitude (Roberts and Whitehouse 2000) . This trend, which has already led to an impoverishment of the intertidal benthic community in terms of size and diversity (Figure 4) , will continue until mudflats evolve in saltmarshes, losing their importance as feeding ground for birds (Cox et al. 2003) . Unlike the Oosterschelde, in the Westerschelde the intertidal loss will be coupled to a further decline in the subtidal benthic habitats suitability, (Figure 4 ), leading to a general decrease in the basin ecological importance.
The management regimes of the systems discussed in this paper show long-term trends on the scale of the locally impacted water body. Nevertheless, our findings may to some extent be generalized to analogous management cases around the globe, as they describe the response to those hydrodynamic factors (tidal current velocity, inundation time, salinity) that i) are directly influenced from the realization of wet infrastructures and ii) are known to be among the most important hydrodynamic variables in determining the benthos distribution in estuaries (Ysebaert et al., 2003 (Ysebaert et al., , 2002 . Furthermore, our analysis is based on general community descriptors, relatively more independent from local biogeographical features than specific responses (Thrush et al., 2005) .
Conclusion
The management of coastal and estuarine areas is complex and critical, as these areas host both in terms of ecology (McLusky and Elliott 2004) and economy (Costanza et al., 1997) one of the most valuable ecosystems around the world, which at the same time belong to one of the most impacted environments (Barbier et al., 2011) . The realization of wet infrastructure with multiple goals ranging from coastal defence to transportation will continue, being essential to ensure future human welfare (Small & Nicholls, 2003 , McMichael et al., 2006 , Temmerman et al. 2013 Nordstrom, 2014) . However, it is increasingly evident that the realization of societal objectives must include ecological goals (Leschine et al., 2003) . Whereas much work focuses on enhancing the ecological value of the infrastructure itself 
Appendix Models validation
To validate our forecast for each of the modeled quantiles, the whole dataset was sampled with replacement. Due to sampling with replacement, some observations are repeated and others remain unpicked. The model was fitted on the sampled observation (training dataset) and used to predict the unpicked ones (validation dataset). The random sampling-fitting-predicting procedure was iterated 10000
times to obtain a large dataset of predicted (potential, 95 th Differently from Table A1 , this figure included also 974 observations that have not been included in the SDM models due to lack of match between measured and modeled bathyimetric data. While these observation can generate bias in the SDM, they are still useful to partially reconstruct a general trend in benthic community evolution. Colored lines (obtained by loess regression) emphasize the central temporal trend of the intertidal (green) and subtidal (blue) benthic community observations. Coherently with our forecast, observed data show a decrease in intertidal habitat suitability and an increase in subtidal habitat suitability after the realization of the Oosterscheldekering. Insufficient observations are available for plotting a similar time series for the Westerschelde (Table A 1 ). and Oosterschelde basin, for pre-(black) and post-(red) impact scenarios.
